Context. Quantitative spectroscopy of luminous BA-type supergiants offers a high potential for modern astrophysics. Detailed studies allow the evolution of massive stars and galactochemical evolution and permits the cosmic distance scale to be constrained observationally. Aims. A detailed and comprehensive understanding of the atmospheres of BA-type supergiants is required in order to use this potential properly. The degree to which we can rely on quantitative studies of this class of stars as a whole depends on the quality of the analyses for benchmark objects. We constrain the basic atmospheric parameters and fundamental stellar parameters, as well as chemical abundances of the prototype A-type supergiant Deneb to unprecedented accuracy by applying a sophisticated analysis methodology, which has recently been developed and tested. Methods. The analysis is based on high-S/N and high-resolution spectra in the visual and near-IR. Stellar parameters and abundances for numerous astrophysically interesting elements are derived from synthesis of the photospheric spectrum using a hybrid non-LTE technique, i.e. line-blanketed LTE model atmospheres and non-LTE line formation. Multiple metal ionisation equilibria and numerous hydrogen lines from the Balmer, Paschen, Brackett, and Pfund series are made to match simultaneously for the stellar parameter determination. The stellar wind properties are derived from Hα line-profile fitting using line-blanketed hydrodynamic non-LTE models. Further constraints come from matching the photospheric spectral energy distribution from the UV to the near-IR L band. Results. The atmospheric parameters of Deneb are tightly constrained: effective temperature T eff = 8525 ± 75 K, surface gravity log g = 1.10 ± 0.05, microturbulence ξ = 8 ± 1 km s −1 , macroturbulence, and projected rotational velocity v sin i are both 20 ± 2 km s −1 . The abundance analysis gives helium enrichment by 0.10 dex relative to solar and an N/C ratio of 4.44 ± 0.84 (mass fraction), implying strong mixing with CN-processed matter. The heavier elements are consistently underabundant by ∼0.20 dex compared to solar. Peculiar abundance patterns, which were derived in previous analyses to exist in Deneb, cannot be confirmed. Accounting for non-LTE effects is essential for removing systematic trends in the abundance determination, for minimising statistical 1σ-uncertainties to 10-20% and for establishing all ionisation equilibria at the same time. Conclusions. A luminosity of (1.96 ± 0.32)×10 5 L ⊙ , a radius of 203 ± 17 R ⊙ , and a current mass of 19 ± 4 M ⊙ are derived. Comparison with stellar evolution predictions suggests that Deneb started as a fast-rotating late O-type star with M ZAMS ≃ 23 M ⊙ on the main sequence and is currently evolving to the red supergiant stage.
Introduction
Massive stars are fundamental for the energy and momentum balance of galaxies. They represent important sources of ionising radiation and mass outflow through stellar winds. The final supernova explosions contribute to the dynamics of the interstellar medium (ISM), stimulate star formation, and enrich the ISM with heavy elements. Massive stars are therefore major drivers of the cosmic cycle of matter. Moreover, because of their high luminosities they can be observed over long distances, consequently providing powerful indicators for the studying stellar and galactochemical evolution in a wide variety of galactic environments.
Supergiants of spectral types B and A (BA-type supergiants) are among the visually brightest massive stars. Therefore, they are particularly interesting for extragalactic astronomy.
Spectroscopy of individual BA-type supergiants is feasible in
Send offprint requests to: F. Schiller, schiller@sternwarte.unierlangen.de ⋆ Based on observations collected at the Centro Astronómico Hispano Alemán (CAHA) at Calar Alto, operated jointly by the MaxPlanck Institut für Astronomie and the Instituto de Astrofisica de Andalucia (CSIC). galaxies well beyond the Local Group using large ground-based telescopes (Bresolin et al. 2001 (Bresolin et al. , 2002 . So far, stellar abundances were compared to those from H  regions, and abundance gradients were measured . Moreover, BA-type supergiants show a high potential as standard candles for distance determinations, via application of the fluxweighted gravity-luminosity relationship (FGLR, Kudritzki et al. 2003) or via the wind momentum-luminosity relationship (WLR, Kudritzki et al. 1999) . A crucial advantage over classical indicators such as Cepheids is the possibility for a direct determination of metallicity and interstellar reddening from the quantitative analysis, allowing the systematic error budget to be reduced.
A comprehensive understanding of the atmospheres of BAtype supergiants has to be developed as the basis for detailed quantitative analyses in order to use their high potential as versatile indicators of stellar and galactic evolution and as distance indicators. The degree to which we can rely on quantitative analyses of BA-type supergiants in general depends on the quality and self-consistency of analysing benchmark objects, stars with comprehensive observational data of the highest quality. In this respect, the brightest A-type supergiant Deneb (A2 Ia) represents one of the crucial test cases for model atmosphere analyses of this class of stars.
Deneb is the best-studied A-type supergiant. Nevertheless, quantitative analyses using model atmospheres, from the pioneering work of Groth (1961) to the most recent study of Aufdenberg et al. (2002) , find no consensus on atmospheric parameters and elemental abundances. Published values for the effective temperature range e.g. from 7635 K (Blackwell et al. 1980 ) to 10 080 K (Burnashev 1980) , for the surface gravity from log g = 1 (Zverko 1971 ) to 1.54 (Burnashev 1980) .
Our aim is to apply recently introduced analysis methodology for BA-type supergiants (Przybilla 2002; ) on visual and near-IR spectra of the benchmark star Deneb. Stellar parameters and elemental abundances may thus be derived with unprecedented accuracy. In comparison with recent models of the evolution of massive stars accounting for mass loss and rotation (e.g. Heger & Langer 2000; Meynet & Maeder 2003 ) and the presence of magnetic fields (Heger et al. 2005; Maeder & Meynet 2005 ), this will allow the evolutionary status of Deneb to be discussed. In addition, the stellar wind properties of Deneb will be investigated quantitatively.
The paper is organised as follows. We describe the observational data in Sect. 2 and the derivation of the stellar parameters in Sect. 3, while the elemental abundance determination is presented in Sect. 4. Additional constraints from near-IR spectroscopy are considered in Sect. 5. We discuss the evolutionary status of Deneb in Sect. 6. Finally, the main results are summarised in Sect. 7.
Observations and data reduction
Our primary observational data for the quantitative analysis are high-resolution, high-S/N spectra taken on 21 September 2005 with the Fibre Optics Cassegrain Echelle Spectrograph (FOCES, Pfeiffer et al. 1998 ) on the 2.2 m-telescope at Calar Alto/Spain. Eight spectra were obtained at 1 ′′ seeing conditions covering a wavelength range from 3860 to 9580 Å at resolving power R = λ/∆λ ≈ 40 000. After the reduction of each spectrum using routines from the FOCES-package (correction for bad pixels and cosmics, subtraction of bias and dark current, flatfielding, wavelength calibration, rectification, and merging of all Echelle orders), the eight spectra were coadded, resulting in a final S/N ratio of about 600 throughout most of the spectral range. Crosscorrelation of this spectrum to an appropriate synthetic spectrum at rest wavelength provides a correction for the radial velocity shift (v rad = 2.50 km s −1 ). Comparison of our Echelle data (in particular around the Balmer lines) with a longslit spectrum 1 (at 1.8 Å resolution in the range from 3900 to 4600 Å taken at the Dark Sky Observatory, Appalachian State University) allows our continuum rectification to be verified, giving excellent agreement. Also, a good agreement with the spectroscopic atlas of Albayrak et al. 2003 is found.
Besides the spectra of September 2005, we can consider data taken with the same instrument on 26 September 2001. The comparison between these two spectra ( Fig. 1) shows a variable PCygni profile of Hα, while the higher Balmer lines and the metal features remain almost unchanged. This implies that wind variability will not affect the analysis of the photospheric features in the present case. Our two spectra are representative of the states near maximum/minimum wind emission reported by Kaufer et al. (1996) from a 2-year long spectroscopic campaign on Deneb.
1 available via http://stellar.phys.appstate.edu/Standards/std1 8.html Photometric data, as well as UV and near-infrared spectra, are used to verify our analysis via spectral energy distribution fits and comparison with additional diagnostic spectral features. Here, the data considered are 1. flux-calibrated, low-dispersion spectra from 1150 to 1980 Å and from 1850 to 3290 Å, obtained by the IUE satellite  Przybilla et al. (2001b) , Nieva & Przybilla (2006 , 2007 Vrancken et al. (1996) , with updated atomic data Ti  Becker (1998) Fe  Becker (1998) (SWP09133 and LWR07864, respectively, as extracted from the INES archive 2 ), 2. U BV photometry from Johnson et al. (1966) and RIL from Morel & Magnenat (1978) , Strömgren photometry (m 1 , b−y, c 1 ) from Hauck & Mermilliod (1998) , and JHK-data from the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006 ), 3. high-quality spectra (R ≈ 3000 − 10 000, S/N ∼100) in the Jw-, H-, and K-band (Fullerton & Najarro 1998 ) and a Kband spectrum (R ≈ 3000) from Wallace & Hinkle (1997) .
Stellar parameters

Basic atmospheric parameters
The basic atmospheric parameters, such as effective temperature T eff , surface gravity log g, microturbulent velocity ξ, helium abundance n(He), together with macroturbulent velocity ζ and projected rotational velocity v sin i, are derived from a comparison of observation with model spectra. The synthetic spectra are computed using both LTE and non-LTE techniques. The LTE model atmospheres are calculated with the ATLAS9 code (Kurucz 1993) , in the version of M. Lemke as obtained from the CCP7 software library. Further modifications (Przybilla et al. 2001b ) allow model convergence close to the Eddington limit to be obtained, which turns out to be crucial in the case of Deneb. The LTE model atmospheres are the basis for non-LTE line-formation computations with DETAIL and SURFACE (Giddings 1981; Butler & Giddings 1985 ; recently updated by K. Butler). Non-LTE model atoms according to Table 1 are considered. This hybrid non-LTE technique is able to reproduce observation at high quality with modest requirements for computing time, see Przybilla et al. (2006) for a detailed discussion. Line-formation calculations assuming LTE are also performed with SURFACE.
Several spectral features can be utilised for determining the basic atmospheric parameters via fits of synthetic spectra to observation. Ionisation equilibria of metals like Mg /, C /, N / (and other species showing spectral lines from two or more ionisation stages) are highly sensitive indicators for T eff , as well as for log g in early A-type supergiants. The hydrogen lines are mainly sensitive to variations in log g. The helium abundance has to be determined simultaneously with the other atmospheric parameters in order to minimise systematic errors. An increase in helium abundance has similar effects on the model predictions as an increase in surface gravity, i.e. a pressure rise through the increase in mean molecular weight (Kudritzki 1973 Atmosphere T eff 8525 ± 75 K log g (cgs)
1.10 ± 0.05 n(He) (number fraction) 0.11 ± 0.01
a Johnson et al. (1966) ; b calculated from the ATLAS9 model; c Humphreys (1978) ;
d Hirsch (1998) study can be found in the Appendix 3 . The photospheric hydrogen Balmer lines from H β to H 8 are analysed, and in addition numerous Paschen, Brackett, and Pfund lines. H α is omitted in the derivation of the basic atmospheric parameters as it is strongly affected by wind emission.
We derive the atmospheric parameters in an iterative process from our set of hydrogen, helium, magnesium, and nitrogen lines. The results (and further information on Deneb) are summarised in Table 2 . The agreement between theory and observation for these final parameters and the response of some of the diagnostic lines to variations at the amount of the derived uncertainties (75 K in T eff and 0.05 in log g) are illustrated in Figs. 2 and 3.
The microturbulent velocity is determined primarily from the N  lines on the condition that the abundance indicated by a line does not depend on its equivalent width. This condition is also fulfilled for all elements with non-LTE calculations, as discussed later (Fig. 6 ). Macroturbulence and v sin i are derived by detailed line-profile fits to features of various elements. Table 2 (thick red line); theoretical profiles for varied parameters are also shown (thin red lines, as indicated). A vertical shift by 0.3 units has been applied to the upper set of profiles. Note the strong sensitivity of the minor ionic species, Mg , to parameter changes, while Mg  is virtually unaffected.
Fig. 3. Impact of stellar parameter variations on non-LTE line profile fits (left panel).
Synthetic spectra for the adopted parameters (see Table 2 , thick red line) and varied parameters as indicated (thin red lines) are compared to observations. A vertical shift by 0.5 units has been applied to the upper profiles. Right panel: observation and spectrum synthesis with FASTWIND for log g = 1.12 dex (central line) and two variations as indicated. Note that, although the hydrodynamical FASTWIND model produces a better agreement with the observation, the resulting parameters of both methods are practically identical. Table 2 . Takeda (1994) 10 000 1.5 10 Burnashev (1980) 10 080 1.54 -Only a fair compromise could be achieved when fitting the cores and the wings of the Balmer lines simultaneously with our hybrid non-LTE technique. Figure 3 (left panel) shows an example. This prompted us to perform test calculations with FASTWIND (Puls et al. (2005) in order to obtain hydrodynamic, line-blanketed non-LTE models in spherical geometry. Specification of stellar mass-loss rateṀ, wind end velocity v ∞ , exponent of the velocity law β, and stellar radius R is required as input parameters. Improved matches between models and observation are achieved, see Figs. 3 and 11. The wind parameters can be constrained from Hα-profile fitting, see e.g. McCarthy et al. (1997) for details and Fig. 4 for examples in the present case. The wind end velocity is a mean value from the analysis of UV resonance lines in 17 IUE spectra (Hirsch 1998) . Recent developments in stellar wind physics like in particular wind clumping (so far not investigated in A-type supergiants) and possible effects of a weak magnetic field (Verdugo et al. 2002 (Verdugo et al. , 2005 are not considered, such that the derived wind parameters may be subject to revision in the future. The need for a higher turbulent velocity than in the photospheric analysis, in order to reproduce the emission peak and remaining discrepancies in matching the absorption trough of Hα, are indicators that additional effects may need to be considered in the modelling. However, this is beyond the scope of the present paper. Note also that, at present, FASTWIND does not consider line formation for the metal ions relevant for A-type stars.
So far, several analyses of Deneb's atmosphere have been performed. The derived values of atmospheric parameters show a remarkable spread, as summarised in Table 3 . Values for the effective temperature range from 7635 to 10 080 K, with most studies indicating T eff around 9000 to 10 000 K. Our determination indicates a low T eff , which is in excellent agreement with the comprehensive study of Aufdenberg et al. (2002) . The log g also shows a remarkable spread with our result being lower than in most of the other studies. Finally, our value for the microturbulent velocity falls roughly in the middle of the range discussed in the literature. In contrast to several previous analyses, we derive a unique value for ξ from all ions. Also, no depth dependency of microturbulence is found in the photospheric analysis. (Johnson, Strömgren, 2MASS) . The theoretical flux is calculated for our final parameters ( Table 2 ). The SEDs are normalised in V.
Spectral energy distribution
We verify our results from the spectral line analysis of Deneb by comparing our model flux (from ATLAS9) with the observed spectral energy distribution (SED). Several sources of observational data are considered (see Sect. 2). We transform m 1 , b−y, c 1 to Strömgren magnitudes u, v, b, y assuming V = y. The various magnitudes are transformed into fluxes by adopting zero points according to Heber et al. (2002, their Table 3 ). The observed fluxes are dereddened using a reddening law as described by Cardelli et al. (1989) , assuming a ratio of extinction to colour excess A V /E(B − V) = 3.1. An overall good to excellent agreement between observed and computed SED is achieved, see Fig. 5 .
Fundamental stellar parameters
Finally, the spectral analysis allows us to determine the fundamental stellar parameters of Deneb, i.e. its luminosity L, mass M, and radius R. Adopting a distance modulus of 9. m 52 ± 0. m 18 from the affiliation of Deneb to the Cyg OB 7 association (mean value of Humphreys 1978), we derive the absolute visual magnitude and, using a bolometric correction from our model atmosphere computations, the absolute bolometric magnitude. The resulting values for L, R, and M are summarised in Table 2 . Excellent consistency is achieved with R derived from the mean uniform-disk angular diameter measurement of Deneb by Aufdenberg et al. (2002) assuming the same distance.
We can obtain an independent distance estimate by applying of the flux-weighted gravity-luminosity relationship (FGLR, Kudritzki et al. 2003) . The FGLR allows the absolute bolometric magnitude of BA-type supergiants to be derived from a measurement of T eff and log g. We infer a distance modulus (m V − M V ) 0 of 9. m 41 ± 0. m 23 with the FGLR, in good agreement with Humphreys (1978) .
Abundances
Results of the present analysis
We determine the abundances of several astrophysically interesting elements in non-LTE (He, C, N the usual logarithmic notation log ε(el) = log (x el /x H ) + 12, i.e. as number fractions x el relative to hydrogen. A comparison of the non-LTE and LTE abundances (i.e. considering and neglecting non-LTE effects), where possible, is shown in Fig. 6 . The differences between non-LTE and LTE can be rather small in some cases, like carbon (usually below ∼0.05 dex). However, in other cases like N and S, they can be larger (on the mean ∼0.6 and ∼0.2 dex, respectively), demonstrating the improvements by the non-LTE computations. Proper non-LTE calculations reduce the line-to-line scatter to only a few percent and remove systematic trends present in the LTE results. The S and Ti abundances show systematic differences in non-LTE and LTE. LTE abundances can be systematically higher like in the case of S, whereas the situation for Ti is reversed. Mean non-LTE and LTE abundances of iron are in rather good agreement. The LTE analysis indicates larger statistical uncertainties in practically all cases. It is usually assumed that non-LTE effects occur only in strong lines. Note, however, that even weak lines can show considerable departures from LTE as can be seen e.g. in the case of nitrogen. Overall, similar trends for non-LTE effects, as in other Galactic BA-type supergiants , are found.
Mean non-LTE and LTE abundances are summarised in Table 4 . The statistical uncertainties of the non-LTE results are typically (much) smaller than for the LTE values. These small statistical uncertainties and the simultaneous establishment of all ionisation equilibria in non-LTE, i.e. a high degree of selfconsistency, are characteristic for our analysis. As a consequence, excellent agreement between our final synthetic spectrum and observations is found (except for a few features), see Fig. 7 for an example. The results of our abundance analysis relative to the solar standard (Grevesse & Sauval 1998, meteoritic abundances favoured) are shown in Fig. 8 . Combined with a slight overabundance of He (0.10 dex), the strong overabundance of N (0.69 dex), and the C-deficiency of 0.49 dex indicate pronounced mixing with CN-processed matter from the stellar core. We obtain an N/C ratio of 4.44 ± 0.84 and an N/O ratio of 0.86 ± 0.06 (each by mass fraction). The implications of this abundance pattern on the evolutionary status of Deneb will be discussed in Sect. 6. Non-LTE abundances of oxygen and heavier elements show consistently sub-solar values of −0.20 ± 0.04 dex. A significant scatter around this mean value is found for the remaining elements, where only LTE abundances are available. The abundance pattern is analogous to the one in other Galactic BAtype supergiants ), but at significantly reduced metallicity. Future non-LTE investigations of those elements have to decide whether some of these deviations are intrinsic or whether they indicate systematic errors made by assuming of LTE for the line-formation calculations.
Comparison with previous analyses
Quantitative analyses of the chemical composition of Deneb are rare in the literature. The pioneering study of Groth (1961) derives an abundance pattern similar to ours, but it systematically finds larger abundances. Compared to our choice of the solar values, he finds an He-excess of 0.64 dex, a C-depletion by −0.33 dex, and an N-/O-excess of 1.48 and 0.53 dex, respectively, as well as overabundances for other metals of typically ∼0.3−0.4 dex. While outstanding for that time, the results of Groth have to be critically reviewed in the context of improved model atmospheres and atomic data.
The most recent abundance analysis of Deneb is provided by Albayrak (2000) . His results are summarised in Fig. 9 . The pure LTE analysis finds striking features like an He-deficiency Fig. 9 . Same as Fig. 8 , for the LTE analysis of Albayrak (2000) . Larger statistical uncertainties become apparent than in our non-LTE, and even our LTE analysis and systematic effects occur. Striking features are the He-deficiency and discrepancies in some ionisation equilibria (e.g. C / and Fe / vs. Fe ). and large differences in abundances from different ions of an element, i.e. a failure to establish some of the ionisation equilibria. Albayrak's analysis indicates a roughly solar composition on the mean, with the abundances of the heavier elements tending to be slightly supersolar. However, the abundance determination gives large statistical uncertainties and shows a wide spread around the solar standard, which in view of our findings can be interpreted as systematic uncertainties. These may be the consequence of a combination of systematically biased stellar parameters -in particular the higher T eff (see Table 3 ) will result in larger abundances for most of the ionic species -and the neglect of non-LTE effects. Takeda et al. (1996) also provide an analysis of elemental abundances in Deneb, partially in non-LTE (Fig. 10) . They derive a moderate N-excess by 0.3 dex and a significant Cdeficiency of about 0.5 dex relative to the solar standard, in moderate agreement with our results. Helium tends to be depleted by 0.14 dex; however, an uncertainty of 0.43 dex renders any conclusion difficult. The heavy elements (Na and S) show supersolar abundances, while oxygen is significantly sub-solar. The higher T eff adopted in the work of Takeda et al. (see Table 3 ) will result in systematically larger abundances like in the case of Albayrak (2000) .
The direct comparison of Fig. 8 with Figs. 9 and 10 demonstrates the drastic (note the logarithmic scale) reduction of statistical and systematic uncertainties in the present work. The existence of abundance patterns like those derived in the two other abundance studies are difficult to explain in terms of a) massive star evolution: mixing with CN-cycled matter results in helium enhancement; and b) galactochemical evolution: massive stars in the solar neighbourhood have slightly sub-solar, not (markedly) super-solar, metallicities (see e.g. Table 4 of Przybilla et al. 2006 ). The present work leads to more conservative conclusions, as we find a uniform pattern consistent with a metallicity of −0.2 dex. Aufdenberg et al. (2002) provide an analysis of the (near-)IR spectrum of Deneb reporting some discrepancies in particular concerning the Pfund series of hydrogen that was fitted for the Fig. 8 , for the results of Takeda et al. (1996) . Non-LTE calculations were made only for neutral species. Note that He tends to be depleted, while the heavier elements indicate super-solar abundances, unlike our results.
Near-IR spectroscopy
first time. Thus, we also test our modelling in the same spectral regions, which are scarcely considered in quantitative analyses of A-type supergiants. The high-quality near-IR spectra of Fullerton & Najarro (1998) (a comprehensive data set like this one is unavailable for any other A-type supergiant) are a key element in our analysis.
Consistency in the analysis of visual and near-IR spectra is not easily achieved because of the amplification of non-LTE effects in the Rayleigh-Jeans tail of the spectral energy distribution. This results in a high sensitivity of the spectral lines not only to details in the atmospheric structure but also to the details of the model atoms used in the statistical eqilibrium calculations. For hydrogen, this requires reliable cross-sections for excitation by electron impact in particular (Przybilla & Butler 2004) , in addition to the accuractely known atomic data for radiative transitions.
Good to excellent agreement between spectrum synthesis with DETAIL/SURFACE (photospheric lines) and FASTWIND (wind-affected lines) and the observations is achieved comprising multiple features of the Paschen, Brackett, and Pfund series in addition to the traditionally utilised Balmer lines, as summarised in Fig. 11 . Neither LTE nor non-LTE modelling based on collisional data derived from classical approximation formulae succeeds in obtaining this self-consistency (see also Przybilla & Butler 2004 for a detailed discussion). This resolves the discrepancies reported by Aufdenberg et al. (2002) .
Evolutionary status
Massive stars are important drivers of the chemodynamic evolution of galaxies and their interstellar medium. A detailed investigation of these topics requires quantitative understanding of the evolution of massive stars in general and of the advanced stages in their lives in particular. In the following we want to discuss our results for the benchmark A-type supergiant Deneb in the context of the stellar evolution models available at present.
A Hertzsprung-Russell diagram (HRD) is shown in Fig. 12 . Evolution tracks for rotating and non-rotating stars according to Meynet & Maeder (2003) are displayed. Starting with an initial N/C ratio (by mass) of 0.31, the stars may experience rotationally-induced mixing of the atmospheric layers with nuclear-processed material. Predicted N/C ratios at the end of H-burning, in the blue supergiant stage (at T eff = 10 000 K), and in the red supergiant stage after the first dredge-up are also displayed. Deneb falls between the tracks for zero-age mainsequence (ZAMS) masses of 20 and 25 M ⊙ and shows a much more pronounced N/C ratio than predicted. The value is also much higher than in similar supergiants analysed with the same method . This leaves us with two possible scenarios for Deneb's state of evolution.
In the first scenario, Deneb started its life as a late O-type star with M ZAMS = 23 ± 2 M ⊙ on the main sequence and is currently evolving to the red supergiant stage. The second scenario implies a more advanced stage of an M ZAMS ≃ 20 ± 2 M ⊙ star after the red supergiant phase, which may also lead it through the blue supergiant regime (Hirschi et al. 2004) . In this case Deneb's atmosphere should expose abundance ratios for the light elements typical of the first dredge-up phase.
The two scenarios may be distinguished by a comparison of spectroscopic and evolutionary masses and by the light element abundances. The first scenario implies an evolutionary mass of M evol ≃ 18 ± 2 M ⊙ , in excellent agreement with the derived M spec ≃ 19 ± 4 M ⊙ , whereas the predicted mass in the second scenario, M evol ≃ 11 M ⊙ , is inconsistent with M spec . At first glance, the observed high N/C ratio agrees better with a first dredge-up scenario, though helium would be underabundant. However, the predicted surface abundances depend on the assumed initial rotational velocity of the star. The tracks follow the evolution of a massive star with typical initial angular momentum, i.e. with a fixed rotational velocity of 300 km s −1 . If the star rotates even faster, the He abundance and the N/C ratio may be higher. This may even be enhanced further by the interplay of rotation with a magnetic field (Maeder & Meynet 2005) .
We conclude that Deneb is a star evolving from the main sequence to the red supergiant stage. Because of its pronounced mixing signature with nuclear-processed matter, its main-sequence progenitor was probably an initially fast rotator.
Summary and conclusions
A detailed and comprehensive model atmosphere analysis of the prototype A-type supergiant Deneb was performed. We derived basic atmospheric parameters, elemental abundances, and fundamental stellar parameters as summarised in Tables 2 and 4 using a hybrid non-LTE spectrum synthesis technique, as well as line-blanketed hydrodynamic non-LTE models. High consistency in the results was achieved, bringing all indicators simultaneously into match: multiple metal ionisation equilibria, Starkbroadened hydrogen lines from the Balmer to Pfund series, and the spectral energy distribution from the UV to the near-IR. The results were obtained with high internal accuracy.
Our detailed non-LTE abundance analysis reveals an abundance pattern typical of the mixing of the atmosphere with CNprocessed matter from the stellar core, i.e. He-and N-enrichment combined with C-depletion. Non-LTE abundances of the heavier elements consistently show a value of ∼0.20 dex below the solar standard, exhibiting none of the peculiar patterns reported in earlier analyses.
The evolutionary status of Deneb was constrained from a comparison of the observed properties with stellar evolution models. The spectroscopic mass, the surface He abundance, and a high N/C ratio are indicative of the evolution of an initially fastrotating main-sequence star towards the red supergiant stage. In this appendix we provide details on our spectral line analysis, as a basis for further interpretation. Table A1 summarises our line data and the results from the abundance analysis for Deneb. The first columns give the transition wavelength λ (in Å), excitation energy of the lower level χ (in eV), adopted oscillator strength log g f , an accuracy indicator, and the source of the g f value. Then, for each line the measured equivalent width W λ (in mÅ) is tabulated, followed by the derived abundance log ε = log(X/H)+12. In cases with an entry for the non-LTE abundance correction ∆ log ε = log ε non-LTE − log ε LTE this denotes the non-LTE abundance, otherwise the LTE abundance. The equivalent widths have been measured by direct integration over the spectral lines. In some cases metal lines are situated in the wings of the Balmer lines. Then their equivalent width is measured with respect to the local continuum, indicated by 'S(W λ )'. Abundances are determined from a best match of the spectrum synthesis to the observed line profiles and not the equivalent widths. Spectrum synthesis also allows blended features to be used for abundances determinations, where a W λ measurement is hampered. These cases are marked by a single 'S' in Table A1 . For He , only non-LTE abundances are derived because of the potential of this major atmospheric constituent to change atmospheric structure and thus the stellar parameter determination. 
